Structure Tuning and Lithium Storage Performances of Electrode Materials of Multi-electron Reactions by 徐桂良
 
 
学校编码：10384                         分类号      密级         
学    号：20520110153724                        UDC         
    
   
博  士  学  位  论  文 
 
   多电子反应电极材料的结构调控和储锂 
   性能研究   
     Structure Tuning and Lithium Storage Performances of   
    Electrode Materials of Multi-electron Reactions    
      徐桂良 
指导教师姓名：  
孙世刚   教 授 
李君涛  副教授 
专 业 名 称：  物 理 化 学 
论文提交日期：  2014 年  54 月 
论文答辩时间：  2014 年  5  月 
学位授予日期：  2014 年   0 月 
答辩委员会主席: _______ 
评    阅    人: _______ 















Structure Tuning and Lithium Storage Performances 






Submitted to the Graduate School of Xiamen University  
for the Degree of 






Prof. Shi-Gang Sun 
Associate Prof. Jun-Tao Li 
 
Department of Chemistry, Xiamen University 
  Xiamen, Fujian, P.R.China      





















另外，该学位论文为(    )课题(组)的研究成果，获得(    )课题





























(   )1.经厦门大学保密委员会审查核定的保密学位论文，于  
年 月 日解密，解密后适用上述授权。 

























摘要............ ................................................................................................................... I 
Abstract ......................................................................................................................... I 
第一章 绪论 ................................................................................................................. 1 
1.1 引言 ................................................................................................................. 1 
1.2 锂离子电池 ..................................................................................................... 2 
1.2.1 锂离子电池的发展................................................................................... 2 
1.2.2 锂离子电池的工作原理........................................................................... 4 
1.2.3 锂离子电池的特点................................................................................... 5 
1.3 电池的基本参数 ............................................................................................. 6 
1.3.1 电池电动势............................................................................................... 6 
1.3.2 电池的容量与比容量............................................................................... 6 
1.3.3 电池的能量与比能量............................................................................... 7 
1.4 提高电池能量密度的一般途径 ..................................................................... 7 
1.5 锂离子电池电极材料的反应机理和研究进展 ............................................. 9 
1.5.1 嵌入/脱出电极材料的研究进展 ........................................................... 10 
1.5.1.1 LiCoO2 正极材料 ................................................................................ 10 
1.5.1.2 LiNi1/3Ni1/3Mn1/3O2 三元正极材料 ..................................................... 11 
1.5.1.3 LiFePO4 正极材料 .............................................................................. 11 
1.5.1.4 尖晶石 LiMn2O4 和 LiNi0.5Mn1.5O4 正极材料 ................................... 12 
1.5.1.5 石墨和钛酸锂负极材料 ..................................................................... 13 
1.5.1.6 嵌入/脱出电极材料的研究现状 ........................................................ 13 
1.5.2 合金化/去合金化电极材料的研究进展 ............................................... 14 
1.5.3 转化反应电极材料的研究进展............................................................. 16 
1.5.3.1 基本原理 ............................................................................................. 16 
1.5.3.2 实现转化反应的条件 ......................................................................... 18 
1.5.3.3 基于转化反应机制的电极材料 ......................................................... 18 
1.6 过渡金属氧化物负极材料的研究进展 ....................................................... 19 
1.6.1 关键科学问题......................................................................................... 19 
1.6.2 提升转化反应电极材料电化学性能的主要策略................................. 20 
1.6.3 过渡金属氧化物/碳复合材料的研究进展 ........................................... 21 
1.6.4 过渡金属氧化物一维(1D)纳米材料的研究进展 ................................. 23 
1.6.5 过渡金属氧化物介孔材料的研究进展................................................. 24 
1.6.6 过渡金属氧化物纳/微结构的研究进展 ............................................... 26 
















1.6.8 过渡金属氧化物作为锂离子电池全电池负极材料的研究进展......... 29 
1.7 Li/S 和 Li/O2电池的研究进展 .................................................................... 31 
1.7.1 Li/S 电池的研究背景 ................................................................................ 31 
1.7.1.1 金属锂负极的保护 ............................................................................. 33 
1.7.1.2 电解质 ................................................................................................. 33 
1.7.1.3 硫正极的结构调控 ............................................................................. 34 
1.7.2 Li/O2 电池的研究背景 .............................................................................. 34 
1.7.2.1 金属锂的保护 ..................................................................................... 36 
1.7.2.2 电解质 ................................................................................................. 37 
1.7.2.3 高性能空气电极的结构调控 ............................................................. 38 
1.7.3 导电碳材料在 Li/S 电池和 Li/O2 电池的研究进展 ............................. 40 
1.7.3.1 导电碳材料在 Li/S 电池中的研究进展 ............................................ 40 
1.7.3.1.1 电子通道的调控 ............................................................................ 40 
1.7.3.1.2 锂离子扩散通道的调控 ................................................................ 45 
1.7.3.1.3 硫/导电碳复合材料的发展方向 ................................................... 49 
1.7.3.2 导电碳材料在 Li/O2 电池的研究进展 .............................................. 49 
1.8 本论文的研究思路及主要内容 ................................................................... 53 
参考文献 .................................................................................................................. 54 
第二章  仪器药品与实验方法 ................................................................................. 76 
2.1 主要化学试剂 ............................................................................................... 76 
2.2 电极材料的制备过程 ................................................................................... 77 
2.3 实验仪器与方法 ............................................................................................... 77 
2.3.1 合成方法与物理性质表征..................................................................... 77 
2.3.1.1 水热法 .................................................................................................. 77 
2.3.1.2 X-射线粉末晶体衍射技术 (XRD) ...................................................... 78 
2.3.1.3 扫描电子显微镜 .................................................................................. 79 
2.3.1.4 透射电子显微镜 .................................................................................. 80 
2.3.1.5  Raman 光谱测试 ................................................................................ 81 
2.3.1.6 傅立叶红外光谱 .................................................................................. 81 
2.3.1.7 热重分析 .............................................................................................. 82 
2.3.1.8 元素分析 ............................................................................................... 82 
2.3.1.9 吸脱附法测定比表面积 ...................................................................... 83 
2.3.1.10 X 射线光电子能谱 (XPS) ................................................................. 84 
2.3.2 电化学性能测试 ............................................................................................ 84 
2.3.2.1 电极制备 .............................................................................................. 84 
2.3.2.2 锂离子电池半电池组装 ...................................................................... 85 
2.3.2.3 Li/O2 电池组装 ..................................................................................... 85 
















2.3.2.5 恒电流充放电测试 .............................................................................. 87 
2.3.2.6 电化学阻抗谱测试(EIS) ..................................................................... 89 
参考文献 .................................................................................................................. 90 
第三章  单晶四氧化三钴纳米八面体的制备及储锂性能研究 ............................. 92 
3.1 引言 ............................................................................................................... 92 
3.2 Co3O4 纳米八面体和微米八面体的制备及电化学测试条件 ........................ 93 
3.2.1 Co3O4 纳米八面体和微米八面体的制备 ................................................... 93 
3.2.2 电化学测试条件......................................................................................... 93 
3.3 不同形状 Co3O4 的晶体表面结构分析 .......................................................... 94 
3.4 Co3O4 纳米八面体和微米八面体的形貌结构表征 ........................................ 95 
3.4.1 SEM 表征 .................................................................................................... 95 
3.4.2 粒径统计分布图......................................................................................... 95 
3.4.3 TEM 表征 .................................................................................................... 96 
3.4.4 XRD 表征 .................................................................................................... 97 
3.5 Co3O4 八面体的形成机理讨论......................................................................... 98 
3.6 Co3O4 纳米八面体和微米八面体的电化学表征 ............................................ 99 
3.6.1 循环伏安曲线.............................................................................................. 99 
3.6.2 Co3O4 纳米八面体和微米八面体的电化学交流阻抗研究 ..................... 101 
3.6.3 Co3O4 纳米八面体和微米八面体的循环性能 ......................................... 102 
3.6.4 Co3O4 纳米八面体和微米八面体充放电后的形貌表征 ......................... 106 
3.6.5 Co3O4 纳米八面体的倍率性能 ................................................................. 107 
3.6.7 Co3O4 纳米八面体充放电过程的的非原位 XRD 研究 .......................... 109 
3.7 本章小结 ......................................................................................................... 111 
参考文献 ................................................................................................................ 112 
第四章  氧化亚锰一维纳米负极材料及其性能研究 ........................................... 115 
4.1 引言 ................................................................................................................. 115 
4.2 八面体和纳米棒共存的 MnO/C 多孔纳米负极材料 .................................. 115 
4.2.1 八面体和纳米棒共存的 MnO/C 多孔纳米材料的制备和测试条件 .... 115 
4.2.2 八面体和纳米棒共存的 MnO/C 多孔纳米材料的形成机理 ................ 116 
4.2.3 八面体和纳米棒共存的 MnOx前驱体的结构表征 ............................... 119 
4.2.3.1. TEM 表征 ........................................................................................... 119 
4.2.3.2  XRD 表征 ......................................................................................... 121 
4.2.4 八面体和纳米棒共存的 MnO/C 多孔纳米材料的结构表征 ................ 122 
4.2.4.1 XRD 表征 ............................................................................................ 122 
4.2.4.2 SEM 和 TEM 表征 ............................................................................. 123 
4.2.5 八面体和纳米棒共存的 MnO/C 多孔纳米材料的电化学表征 ............ 125 
















4.2.5.2 0.1 C 的充放电性能 ........................................................................... 125 
4.2.5.3 商业 MnO 纳米粒子的 SEM ............................................................ 127 
4.2.5.4 0.66 C 倍率下的充放电性能 ............................................................. 127 
4.2.5.5 不同倍率下的充放电性能 ................................................................ 128 
4.3 MnO/C 多孔纳米管负极材料的研究 ............................................................ 130 
4.3.1 MnO/C 多孔纳米管的制备和电化学测试条件 ...................................... 130 
4.3.2 MnO/C 多孔纳米管的形成机理 .............................................................. 130 
4.3.3 MnOx前驱体的结构表征 ......................................................................... 132 
4.3.4 MnO/C 多孔纳米管的结构表征 .............................................................. 133 
4.3.5 MnO/C 多孔纳米管的电化学性能研究 .................................................. 137 
4.3.5.1 循环伏安曲线 .................................................................................... 137 
4.3.5.2 0.1 C 的循环性能 ............................................................................... 138 
4.3.5.3 0.66 C 下的循环性能 ......................................................................... 141 
4.3.5.4 不同倍率下的电化学性能 ................................................................ 142 
4.4 本章小结 ......................................................................................................... 145 
参考文献 ................................................................................................................ 146 
第五章  纳/微结构氧化亚锰负极材料的制备及其半/全电池性能研究 ............. 150 
5.1 引言 .................................................................................................................. 150 
5.2 纳/微结构 MnO 负极材料、LiNi0.5Mn1.5O4-delta正极材料的制备和电化学测
试条件 .................................................................................................................... 150 
5.3 纳/微结构 MnO 负极材料、LiNi0.5Mn1.5O4-delta正极材料的形成过程 .... 152 
5.4 纳/微结构 MnCO3纳米粒子聚集体的结构表征 ......................................... 153 
5.4.1 不同反应温度下产物的 SEM 表征 ........................................................ 153 
5.4.2 不同反应温度下产物的 XRD 表征 ........................................................ 154 
5.4.3 不同反应时间下产物的 SEM 表征 ........................................................ 154 
5.4.4 MnCO3 前驱体的 TEM 表征 .................................................................... 155 
5.4.5 MnCO3 前驱体的 TGA 表征 .................................................................... 156 
5.5 纳/微结构 MnO 负极材料和 LiNi0.5Mn1.5O4-delta正极材料的结构表征 ... 156 
5.5.1 MnO 的 XRD 表征 .................................................................................... 156 
5.5.2 MnO/C 的电子导电率 .............................................................................. 158 
5.5.3 MnO/C 的 SEM 和 TGA 表征 .................................................................. 158 
5.5.4 MnO/C 的 TEM 表征 ................................................................................ 160 
5.5.5 LiNi0.5Mn1.5O4-delta的 XRD ....................................................................... 161 
5.5.6 LiNi0.5Mn1.5O4-delta的 TEM ....................................................................... 162 
5.5.7 MnO/C 和 LiNi0.5Mn1.5O4-delta 的比表面积和孔结构测试 ....................... 163 
5.6 纳/微结构 MnO/C 负极材料的电化学性质表征 ........................................ 163 
5.6.1 循环伏安曲线........................................................................................... 164 
















5.6.3 纳/微结构 MnO/C 的 Ex-situ XAFS 表征 .............................................. 167 
5.6.4 纳/微结构 MnO/C 的倍率性能表征 ....................................................... 167 
5.7 纳/微结构 LNMO 正极材料的电化学表征 ................................................. 168 
5.8 纳/微结构 MnO/C 负极材料和 LNMO 正极材料充放电后的结构表征 .. 170 
5.9 纳/微结构 MnO/LNMO 全电池的电化学表征 ........................................... 170 
5.9.1 纳/微结构 MnO/LNMO 全电池可行性的分析 ...................................... 170 
5.9.2 纳/微结构 MnO/LNMO 全电池正负极配比的探索 .............................. 173 
5.9.3 纳/微结构 MnO/LNMO 全电池正负极配比优化后的电化学性能 ...... 175 
5.10 本章小结 ....................................................................................................... 176 
参考文献 ................................................................................................................ 177 
第六章  高硫含量硫/石墨化多孔碳复合材料的制备及其作为 Li/S 电池正极材料
的研究 ……………………………………………………………………………..180 
6.1 引言 .................................................................................................................. 180 
6.2 硫/石墨化多孔碳复合材料的制备和电化学性能研究................................. 181 
6.2.1 石墨化多孔碳和硫/石墨化多孔碳复合材料的制备和电化学测试条件
............................................................................................................................. 181 
6.2.2 石墨化多孔碳和硫/石墨化多孔碳复合材料的制备过程 ..................... 182 
6.2.3 石墨化多孔碳和硫/石墨化多孔碳复合材料的结构表征 ..................... 183 
6.2.3.1 石墨化多孔碳的 SEM 和 BET 表征 ................................................ 183 
6.2.3.2 硫/石墨化多孔碳复合材料中硫含量的分析 ................................... 184 
6.2.3.3 石墨化多孔碳和硫/石墨化多孔碳复合材料的 XRD ..................... 184 
6.2.3.4 硫/石墨化多孔碳复合材料的 BET 表征 ......................................... 185 
6.2.3.5 硫/石墨化多孔碳复合材料的 TEM ................................................. 186 
6.2.4 硫/石墨化多孔碳复合材料的电化学性能研究 ...................................... 188 
6.2.4.1 电解液的选择 .................................................................................... 188 
6.2.4.2 循环伏安曲线 .................................................................................... 189 
6.2.4.3 0.1 C 的充放电曲线 ........................................................................... 191 
6.2.4.4 0.1 C 的循环性能 ............................................................................... 192 
6.2.4.5 EIS 表征 .............................................................................................. 194 
6.2.4.6 充放电后的结构表征 ......................................................................... 195 
6.2.4.6.1 XRD 表征 ..................................................................................... 196 
6.2.4.6.2 SEM 表征 ..................................................................................... 196 
6.2.4.6.3 FTIR 和 TEM 表征 ...................................................................... 197 
6.2.4.7 0.5 C 的循环性能和倍率性能 ........................................................... 198 
6.3 硫/石墨化多孔碳复合材料倍率性能的改善 ................................................. 199 
6.3.1 导电剂优化............................................................................................... 199 
6.3.2 PANI 包覆和二硫化碳/无水乙醇混合溶剂清洗 .................................... 200 
















6.3.2.2 FTIR 表征 ........................................................................................... 201 
6.3.2.3 EIS 表征 .............................................................................................. 202 
6.3.3 不同方法优化后硫/石墨化多孔碳复合材料 0.5 C 下的循环性能比较
............................................................................................................................. 202 
6.3.4 导电剂优化后硫/石墨化多孔碳复合材料的倍率性能 ......................... 204 
6.4 本章小结 ......................................................................................................... 205 
参考文献 ................................................................................................................ 206 
第七章  石墨化多孔碳作为 Li/O2电池正极的初步探索 .................................... 211 
7.1 引言 ............................................................................................................. 211 
7.2 电极制备和电化学测试 ............................................................................. 211 
7.3 石墨化多孔碳的结构表征 ......................................................................... 212 
7.4 石墨化多孔碳作为 Li/O2电池正极的循环伏安研究 .............................. 212 
7.5 石墨化多孔碳作为 Li/O2电池正极的电化学性能研究 .......................... 214 
7.5.1 常见电压区间(2.0-4.5 V)的电化学性能 .................................................. 214 
7.5.2 限定电压区间的电化学性能................................................................... 215 
7.5.3 限制充放电比容量的电化学性能........................................................... 217 
7.5.4 倍率性能测试........................................................................................... 218 
7.6 石墨化多孔碳正极充放电过程中的结构表征 ......................................... 219 
7.6.1 XRD 表征 .................................................................................................. 220 
7.6.2 XPS 表征 ................................................................................................... 221 
7.6.3 SEM 表征 .................................................................................................. 222 
7.7 测试温度对电化学性能的影响 ................................................................. 223 
7.8 电极组成对电化学性能的影响 ................................................................. 226 
7.9 后续实验设想 ............................................................................................. 226 
7.10 本章小结 ....................................................................................................... 227 
参考文献 ................................................................................................................ 228 
结论............................................................................................................................ 230 














Table of Contens 
 
 
Table of Contents 
Abstract in Chinese ...................................................................................................... I 
Abstract in English ...................................................................................................... I 
Chapter I Introduction ................................................................................................ 1 
1.1 Introduction .................................................................................................... 1 
1.2 Lithium ion batteries ..................................................................................... 2 
1.2.1 History of lithium ion batteries ................................................................. 2 
1.2.2 Working principle of lithium ion batteries ................................................ 4 
1.2.3 Characteristic of lithium ion batteries ....................................................... 5 
1.3 Parameters of battery .................................................................................... 6 
1.3.1 Electrochemical motive force ................................................................... 6 
1.3.2 Capacity and specific capacity .................................................................. 6 
1.3.3 Energy and specific energy ....................................................................... 7 
1.4 General approachs for increasing energy density of batteries................... 7 
1.5 Reaction mechanisms and Progress of electrode materials of lithium ion 
batteries ..................................................................................................................... 9 
1.5.1 Progresses of intercalation/de-intercalation electrode materials ............. 10 
1.5.1.1 LiCoO2 cathode materials ................................................................... 10 
1.5.1.2 LiNi1/3Ni1/3Mn1/3O2 cathode materials ................................................ 11 
1.5.1.3 LiFePO4 cathode materials .................................................................. 11 
1.5.1.4 Spinel LiMn2O4 and LiNi0.5Mn1.5O4 cathode materials ....................... 12 
1.5.1.5 Graphite and Li4Ti5O12 anode materials .............................................. 13 
1.5.1.6 Research status of intercalation/de-intercalation electrode materials . 13 
1.5.2 Progresses of alloying/de-alloying electrode materials .......................... 14 
1.5.3 Progresses of conversion reaction electrode materials ........................... 16 
1.5.3.1 Basic principle ..................................................................................... 16 
1.5.3.2 Conditions for conversion reaction ..................................................... 18 
1.5.3.3 Electrode materials based on conversion reaction .............................. 18 
1.6 Progresses of transition metal oxide anodes .............................................. 19 
1.6.1 Key scientific problems .......................................................................... 19 
1.6.2 Main strategies for imrpoving electrochemical performanes of 
conversion reaction electrode materials ................................................................ 20 
1.6.3 Research progresses of transition metal oxide/carbon composites ......... 21 
1.6.4 Research progresses of 1D transition metal oxide nanomaterials .......... 23 
1.6.5 Research progresses of mesoporous transition metal oxides .................. 24 













Table of Contens 
 
 
metal oxides .......................................................................................................... 26 
1.6.7 Research progresses of crystal plane tuning of transition metal oxides . 27 
1.6.8 Research progresses of transition metal oxide anodes in full cell .......... 29 
1.7 Research progresses of Li/S and Li/O2 batteries ....................................... 31 
1.7.1 Research backgrounds of Li/S batteries ..................................................... 31 
1.7.1.1 Protection of lithium anode ................................................................. 33 
1.7.1.2 Electrolytes .......................................................................................... 33 
1.7.1.3 Structure tuning of sulfur cathodes ..................................................... 34 
1.7.2 Research backgrounds of Li/O2 batteries ................................................... 34 
1.7.2.1 Protection of lithium anode ................................................................. 36 
1.7.2.2 Electrolytes .......................................................................................... 37 
1.7.2.3 Structure tuning of high performance air cathodes ............................. 38 
1.7.3 Progress of carbonaceous materials in Li/S and Li/O2 batteries ............. 40 
1.7.3.1 Progress of carbonaceous materials in Li/S batteries .......................... 40 
1.7.3.1.1 Diffusion paths tuning of electrons ................................................. 40 
1.7.3.1.2 Diffusion paths tuning of lithium ions ............................................ 45 
1.7.3.1.3 The prospect of sulfur/carbon composites ...................................... 49 
1.7.3.2 Progresses of carbonaceous materials in Li/O2 batteries ..................... 49 
1.8 The purpose and content of this thesis ....................................................... 53 
Reference ................................................................................................................. 54 
Chapter 2 Experimental and principle .................................................................... 76 
2.1 Reagents ........................................................................................................ 76 
2.2 Preparation of electrode materials ............................................................. 77 
2.3 Instruments and methods ................................................................................ 77 
2.3.1 Synthetic method and physical propertycharacterization ....................... 77 
2.3.1.1 Hydrothermal method ............................................................................ 77 
2.3.1.2 Powder X-ray diffraction (XRD)........................................................... 78 
2.3.1.3 Scanning electron microscopy ............................................................... 79 
2.3.1.4 Transmission electron microscopy ........................................................ 80 
2.3.1.5 Raman spectroscopy .............................................................................. 81 
2.3.1.6 Fourier Transform Infrared Spectroscopy ............................................. 81 
2.3.1.7 Thermal gravimetric anlysis .................................................................. 82 
2.3.1.8 CHN elemental analysis ........................................................................ 82 
2.3.1.9 Pore structure and surface area .............................................................. 83 
2.3.1.10 X-ray photoelectron energy spectroscopy (XPS) ................................ 84 
2.3.2 Electrochemical test ........................................................................................ 84 
2.3.2.1 Electrode preparation ............................................................................ 84 













Table of Contens 
 
 
2.3.2.3 Assembly of Li/O2 cell ........................................................................... 85 
2.3.2.4 Cyclic voltammetry ............................................................................... 86 
2.3.2.5 Galvanostatic test of the cell ................................................................. 87 
2.3.2.6 Electrochemical impedance spectrum (EIS) ......................................... 89 
Reference ................................................................................................................. 90 
Chapter 3 Synthesis and lithium storage performance of single-crystalline Co3O4 
nano-octahedra ........................................................................................................... 92 
3.1Introduction ....................................................................................................... 92 
3.2 Synthesis and electrochemical test of Co3O4 nano-octahedra and 
micro-octahedra ...................................................................................................... 93 
3.2.1 Synthesis process ......................................................................................... 93 
3.2.2 Electrochemical test ..................................................................................... 93 
3.3 Crystal planes analysis of Co3O4 with different shapes ................................ 94 
3.4 Morphologies and structures characterization of Co3O4 nano-octahedra 
and micro-octahedra .............................................................................................. 95 
3.4.1 SEM ............................................................................................................. 95 
3.4.2 Histogram of particle size ............................................................................ 95 
3.4.3 TEM ............................................................................................................. 96 
3.4.4 XRD ............................................................................................................. 97 
3.5 Growth mechanism of Co3O4 octahedra ........................................................ 98 
3.6 Electrochemical characterization of Co3O4 octahedra .................................. 99 
3.6.1 Cyclic voltammetry ...................................................................................... 99 
3.6.2 Electrochemical impedance spectrum ........................................................ 101 
3.6.3 Cycle performance ..................................................................................... 102 
3.6.4 Morphology characterization after charge/discharge ................................. 106 
3.6.5 Rate capability ........................................................................................... 107 
3.6.7 Ex-situ XRD study ..................................................................................... 109 
3.7 Summary ......................................................................................................... 111 
Reference ............................................................................................................... 112 
Chapter 4 One dimensional MnO anode materials and their electrochemical 
properties .................................................................................................................. 115 
4.1 Introduction .................................................................................................... 115 
4.2 Porous MnO anode material consisting of octahedra and nanorods ......... 115 
4.2.1 Synthesis and electrochemical test............................................................. 115 
4.2.2 Formation mechanism ................................................................................ 116 
4.2.3 Structure characterization of MnOx precursor ........................................... 119 













Table of Contens 
 
 
4.2.3.2  XRD characterization ....................................................................... 121 
4.2.4 Structure characterization of porous MnO anode material consisting of 
octahedra and nanorods....................................................................................... 122 
4.2.4.1 XRD characterization .......................................................................... 122 
4.2.4.2 SEM and TEM characterization .......................................................... 123 
4.2.5 Electrochemical characterization of porous MnO anode material consisting 
of octahedra and nanorods .................................................................................. 125 
4.2.5.1 Cyclic voltammetry ............................................................................. 125 
4.2.5.2 Electrochemical performance at 0.1 C ................................................ 125 
4.2.5.3 SEM characterization of commercial MnO particles .......................... 127 
4.2.5.4 Electrochemical performance at 0.66 C .............................................. 127 
4.2.5.5 Rate capability ..................................................................................... 128 
4.3 MnO/C Porous nanotubes anode material ................................................... 130 
4.3.1 Synthesis and electrochemical test............................................................. 130 
4.3.2 Formation mechanism ................................................................................ 130 
4.3.3 Structure characterization of MnOx precursor ........................................... 132 
4.3.4 Structure characterization of porous MnO/C nanotubes ............................ 133 
4.3.5 Electrochemical characterization of porous MnO/C nanotubes ................ 137 
4.3.5.1 Cyclic voltammetry ............................................................................. 137 
4.3.5.2 Cycle performance at 0.1 C ................................................................. 138 
4.3.5.3 Cycle performance at 0.66 C ............................................................... 141 
4.3.5.4 Rate capability ..................................................................................... 142 
4.4 Summary ......................................................................................................... 145 
Reference ............................................................................................................... 146 
Chapter 5 Hierarchical micro/nanostructured MnO anode material and their 
half/full cell performances ....................................................................................... 150 
5.1 Introduction .................................................................................................... 150 
5.2 Synthesis and electrochemical test for hierarchical micro/nanostructured 
MnO anode material and LiNi0.5Mn1.5O4-delta cathode material.......................150 
5.3 Formation process of hierarchical micro/nanostructured MnO anode 
material and LiNi0.5Mn1.5O4-delta cathode material ............................................ 152 
5.4 Structure characterization of hierarchical micro/nanostructured MnCO3
 ……………………………………………………………………………..153 
5.4.1 SEM characterization of the products at different reaction temperature ... 153 
5.4.2 XRD characterization of the products at different reaction temperature ... 154 
5.4.3 SEM characterization of the products at different reaction time ............... 154 
5.4.4 TEM characterization of MnCO3 ............................................................... 155 













Table of Contens 
 
 
5.5 Structure characterization of hierarchical micro/nanostructured MnO 
anode material and LiNi0.5Mn1.5O4-delta cathode material ................................. 156 
5.5.1 XRD characterization of MnO ................................................................... 156 
5.5.2 Electronic conductivity of MnO/C............................................................. 158 
5.5.3 SEM and TGA characterization of MnO/C................................................ 158 
5.5.4 TEM characterization of MnO/C ............................................................... 160 
5.5.5 XRD characterization of LiNi0.5Mn1.5O4-delta ............................................. 161 
5.5.6 TEM characterization of LiNi0.5Mn1.5O4-delta ............................................. 162 
5.5.7 Pore structure and surface area of MnO/C and LiNi0.5Mn1.5O4-delta ........... 163 
5.6 Electrochemical characterization of hierarchical micro/nanostructured 
MnO/C anode material ........................................................................................ 163 
5.6.1 Cyclic voltammetry .................................................................................... 164 
5.6.2 Cycle performance at 0.13 C ..................................................................... 164 
5.6.3 Ex-situ XAFS characterization .................................................................. 167 
5.6.4 Rate capability ........................................................................................... 167 
5.7 Electrochemical characterizationof LNMO cathode material ................... 168 
5.8 Structure characterization of MnO anode and LNMO cathode after 
charge/discharge test ............................................................................................ 170 
5.9 Electrochemical characterization of hierarchical micro/nanostructured 
MnO/LNMO full cell ............................................................................................ 170 
5.9.1 Feasibilty analysis ...................................................................................... 170 
5.9.2 Optimization of the negative/positive ratio for MnO/LNMO full cell ...... 173 
5.9.3 Electrochemical performane of MnO/LNMO full cell .............................. 175 
5.10 Summary ....................................................................................................... 176 
Reference ............................................................................................................... 177 
Chapter 6 Preparation of sulfur/porous graphitic carbon with high sulfur 
loading and its electrochemical performance as cathode of Li/S batteries ......... 180 
6.1 Introduction .................................................................................................... 180 
6.2 Prepartion and electrochemical properties of sulfur/porous graphitic 
carbon composite .................................................................................................. 181 
6.2.1 Synthesis and electrochemical test of porous graphitic carbon and 
sulfur/porous graphitic carbon composite ........................................................... 181 
6.2.2 Synthesis procedure of porous graphitic carbon and sulfur/porous graphitic 
carbon composite ................................................................................................ 182 
6.2.3 Structure characterization of porous graphitic carbon and sulfur/porous 
graphitic carbon composite ................................................................................. 183 
6.2.3.1 SEM and BET characterization of porous graphitic carbon ................ 183 













Table of Contens 
 
 
6.2.3.3 XRD characterization of porous graphitic carbon and sulfur/porous 
graphitic carbon composite ............................................................................. 184 
6.2.3.4 BET characterization of sulfur/porous graphitic carbon composite .... 185 
6.2.3.5 TEM characterization of sulfur/porous graphitic carbon composite ... 186 
6.2.4 Electrochemical properties of sulfur/porous graphitic carbon composite . 188 
6.2.4.1 Optimization of electrolytes ................................................................ 188 
6.2.4.2 Cyclic voltammetry ............................................................................. 189 
6.2.4.3 Charge/discharge curves at 0.1 C ........................................................ 191 
6.2.4.4 Cycle performance at 0.1 C ................................................................. 192 
6.2.4.5 Electrochemical impedance spetrum ................................................... 194 
6.2.4.6 Structure characterization after charge/discharge................................ 195 
6.2.4.6.1 XRD characterization .................................................................... 196 
6.2.4.6.2 SEM characterization .................................................................... 196 
6.2.4.6.3 FTIR and TEM characterization ................................................... 197 
6.2.4.7 Cycle and rate performance at 0.5 C ................................................... 198 
6.3 Rate improvement of sulfur/porous graphitic carbon composite .............. 199 
6.3.1 Optimization of conductive agent .............................................................. 199 
6.3.2 PANI coating and wash treatment on sulfur/porous graphitic carbon 
composite  .......................................................................................................... 200 
6.3.2.1 Sulfur content analysis ........................................................................ 200 
6.3.2.2 FTIR characterization .......................................................................... 201 
6.3.2.3 EIS characterization ............................................................................ 202 
6.3.3 Comparison of the cycle performances of different sulfur/porous graphitic 
carbon composites ............................................................................................... 202 
6.3.4 Rate capability of sulfur/porous graphitic carbon by optimizing conductive 
agent .................................................................................................................... 204 
6.4 Summary ......................................................................................................... 205 
Reference ............................................................................................................... 206 
Chapter 7 Preliminary Study of porous graphitic carbon as cathode of Li/O2 
batteries ..................................................................................................................... 211 
7.1 Introduction ................................................................................................ 211 
7.2 Electrode preparation and electrochemical test ...................................... 211 
7.3 Structure characterization of porous graphitic carbon .......................... 212 
7.4 Cyclic voltammetry of porous graphitic carbon cathode ....................... 212 
7.5 Electrochemical performance of porous graphitic carbon cathode ...... 214 
7.5.1 Electrochemical performance at 2.0-4.5 V ................................................ 214 
7.5.2 Electrochemical performance by limiting voltage range ........................... 215 













Degree papers are in the “Xiamen University Electronic Theses and Dissertations Database”. Full
texts are available in the following ways: 
1. If your library is a CALIS member libraries, please log on http://etd.calis.edu.cn/ and submit
requests online, or consult the interlibrary loan department in your library. 
2. For users of non-CALIS member libraries, please mail to etd@xmu.edu.cn for delivery details.
厦
门
大
学
博
硕
士
论
文
摘
要
库
